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Abstract
The deviation of the measurement of RD (RD∗) from the Standard Model (SM) expectation is
2.3σ (3.1σ). RD (RD∗) is the ratio of the branching fraction of B → Dτντ (B → D∗τντ ) to that of
B → Dlνl (B → D∗lνl), where l = e or µ. This anomaly may imply the existence of new physics
(NP). In this paper, we restudy this problem in the supersymmetric extension of the Standard
Model with local gauged baryon and lepton numbers (BLMSSM), and give one-loop corrections to
RD (RD∗).
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I. INTRODUCTION
The Standard Model (SM) is the most successful particle physics model to date. It gives
accurate predictions for a significant number of experiments. However, for some experiments,
it cannot give a good explanation. In the last few years, the experimental measurements of
RD(∗) ( the ratio of the branching fraction of B → Dτντ (B → D∗τντ ) to that of B → Dlνl
(B → D∗lν l), where l = e or µ ) show deviations from the SM theoretical predictions -
these measurements are larger than SM expectations. Therefore, in order to explain these
anomalies, it is necessary for us to try some new physics (NP) models.
The SM expectations for RD(∗) are: RDSM = 0.299± 0.011 in Ref. [1], RDSM = 0.299±
0.003 in Ref. [2], RDSM = 0.300 ± 0.008 in Ref. [3], RDSM = 0.300 ± 0.011 in Ref. [4],
RDSM = 0.299±0.003 in Ref. [5], RD∗SM = 0.254±0.004 in Ref. [4], RD∗SM = 0.257±0.003
in Ref. [5] and RD∗SM = 0.252 ± 0.003 in Ref. [6]. The relevant experimental results for
RD(∗) are listed in the TABLE I.
TABLE I: The measurements of RD(∗) .
Observable Experiment Measured value
2012 BaBar 0.440 ± 0.058 ± 0.042 [7, 8]
RD 2015 Belle 0.375 ± 0.064 ± 0.026 [9]
2017 HFAG average 0.407 ± 0.039 ± 0.024 [10]
2012 BaBar 0.332 ± 0.024 ± 0.018 [7, 8]
2015 Belle 0.293 ± 0.038 ± 0.015 [9]
2015 LHCb 0.336 ± 0.027 ± 0.030 [11]
RD∗ 2016 Belle 0.302 ± 0.030 ± 0.011 [12]
2017 Belle 0.270 ± 0.035+0.028−0.025 [13]
2017 LHCb 0.291 ± 0.019 ± 0.026 ± 0.013 [14]
2017 HFAG average 0.304 ± 0.013 ± 0.007 [10]
RD = 0.407±0.039±0.024 and RD∗ = 0.304±0.013±0.007 exceed the SM predictions by
2.3σ and 3.1σ respectively. These anomalies have caused physicists to seek a variety of ways
to explain the experimental data [15–35]. Most physicists tend to seek the solutions in NP
models. So, various NP models have been used, such as charged Higgs [30–32] and lepton
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flavor violation [33–35]. The supersymmetric extension of the SM is a popular choice in
various NP models. In fact, theorists have been fond of the minimal supersymmetric model
(MSSM) for a long time. However, baryon number (B) should be broken because of the
matter-antimatter asymmetry in the Universe. The neutrino oscillation experiments imply
that neutrinos have tiny masses, therefore lepton number (L) also needs to be broken. A
minimal supersymmetric extension of the SM with local gauged B and L (BLMSSM) [36, 37]
is more promising. Thus, we try to deal with the anomalies of RD(∗) in the BLMSSM.
In our work, we use effective field theory to do the theoretical calculation. The effec-
tive Lagrangian is described by the four fermion operators and the corresponding Wilson
coefficients (WCs). NP contributions with non-zero WCs are possible solutions to the RD(∗)
anomalies [38]. After considering all the 10 independent 6-dimensional operators and cal-
culating the values of the corresponding WCs at one-loop level, we obtain the theoretical
values of RD(∗) in the BLMSSM.
This paper is organised as follows. In section II, we introduce some content of the
BLMSSM. In section III, we give the mass matrices of the BLMSSM particles that we use.
In section IV, we write down the needed couplings. In section V, we provide the relevant
formulae, including observables RD(∗) and the effective Lagrangian with all the four fermion
operators. In section VI, we show the one-loop Feynman diagrams that can correct RD(∗).
At the same time, NP contributions of some diagrams are given by WCs. In section VII,
we present our numerical results. Finally, we summarise our findings in section VIII. Some
integral formulae are shown in the Appendix.
II. SOME CONTENT OF THE BLMSSM
As an extension of the MSSM, the BLMSSM includes many new fields [39, 40]. The
exotic quarks (Qˆ4, Uˆ
c
4 , Dˆ
c
4, Qˆ
c
5, Uˆ5, Dˆ5) are used to deal with the B anomaly. The exotic lep-
tons (Lˆ4, Eˆ
c
4, Nˆ
c
4 , Lˆ
c
5, Eˆ5, Nˆ5) are used to cancel the L anomaly. The exotic Higgs superfields
ΦˆB, ϕˆB are introduced to break baryon number spontaneously with nonzero vacuum expec-
tation values (VEVs). The exotic Higgs superfields ΦˆL, ϕˆL are introduced to break lepton
number spontaneously with non-zero VEVs. The model introduces the right-handed neu-
trinos N cR, so we can obtain tiny masses of neutrinos through the see-saw mechanism. The
model also includes the superfields Xˆ to make the exotic quarks unstable.
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The superpotential of the BLMSSM is [41]:
WBLMSSM =WMSSM +WB +WL +WX ,
WB = λQQˆ4Qˆc5ΦˆB + λU Uˆ c4Uˆ5ϕˆB + λDDˆc4Dˆ5ϕˆB + µBΦˆBϕˆB
+Yu4Qˆ4HˆuUˆ
c
4 + Yd4Qˆ4HˆdDˆ
c
4 + Yu5Qˆ
c
5HˆdUˆ5 + Yd5Qˆ
c
5HˆuDˆ5 ,
WL = Ye4Lˆ4HˆdEˆc4 + Yν4Lˆ4HˆuNˆ c4 + Ye5Lˆc5HˆuEˆ5 + Yν5Lˆc5HˆdNˆ5
+YνLˆHˆuNˆ
c + λNcNˆ
cNˆ cϕˆL + µLΦˆLϕˆL ,
WX = λ1QˆQˆc5Xˆ + λ2Uˆ cUˆ5Xˆ ′ + λ3DˆcDˆ5Xˆ ′ + µXXˆXˆ ′ , (1)
where WMSSM is the superpotential of the MSSM.
The soft breaking terms Lsoft of the BLMSSM can be written in the following form
[36, 37, 41] :
Lsoft = LMSSMsoft − (m2ν˜c)IJN˜ c∗I N˜ cJ −m2Q˜4Q˜
†
4Q˜4 −m2U˜4U˜ c∗4 U˜ c4 −m2D˜4D˜c∗4 D˜c4
−m2
Q˜5
Q˜c†5 Q˜
c
5 −m2U˜5U˜∗5 U˜5 −m2D˜5D˜∗5D˜5 −m2L˜4L˜
†
4L˜4 −m2ν˜4N˜ c∗4 N˜ c4
−m2e˜4E˜c∗4 E˜c4 −m2L˜5L˜
c†
5 L˜
c
5 −m2ν˜5N˜∗5 N˜5 −m2e˜5E˜∗5E˜5 −m2ΦBΦ∗BΦB
−m2ϕBϕ∗BϕB −m2ΦLΦ∗LΦL −m2ϕLϕ∗LϕL −
(
MBλBλB +MLλLλL + h.c.
)
+
{
Au4Yu4Q˜4HuU˜
c
4 + Ad4Yd4Q˜4HdD˜
c
4 + Au5Yu5Q˜
c
5HdU˜5 + Ad5Yd5Q˜
c
5HuD˜5
+ABQλQQ˜4Q˜
c
5ΦB + ABUλU U˜
c
4U˜5ϕB + ABDλDD˜
c
4D˜5ϕB +BBµBΦBϕB + h.c.
}
+
{
Ae4Ye4L˜4HdE˜
c
4 + Aν4Yν4L˜4HuN˜
c
4 + Ae5Ye5L˜
c
5HuE˜5 + Aν5Yν5L˜
c
5HdN˜5
+AνYνL˜HuN˜
c + AνcλνcN˜
cN˜ cϕL +BLµLΦLϕL + h.c.
}
+
{
A1λ1Q˜Q˜
c
5X + A2λ2U˜
cU˜5X
′ + A3λ3D˜
cD˜5X
′ +BXµXXX
′ + h.c.
}
. (2)
The SU(2)L singlets ΦL, ϕL, ΦB, ϕB and the SU(2)L doublets Hu, Hd are:
ΦL =
1√
2
(
υL + Φ
0
L + iP
0
L
)
, ϕL =
1√
2
(
υL + ϕ
0
L + iP
0
L
)
,
ΦB =
1√
2
(
υB + Φ
0
B + iP
0
B
)
, ϕB =
1√
2
(
υB + ϕ
0
B + iP
0
B
)
,
Hu =

 H
+
u
1√
2
(
υu +H
0
u + iP
0
u
)

 , Hd =


1√
2
(
υd +H
0
d + iP
0
d
)
H−d

 . (3)
The SU(2)L singlets ΦL, ϕL, ΦB, ϕB and the SU(2)L doublets Hu, Hd should obtain
non-zero VEVs υL, υL, υB, υB and υu, υd respectively. Therefore, the local gauge symmetry
SU(2)L ⊗ U(1)Y ⊗ U(1)B ⊗ U(1)L breaks down to the electromagnetic symmetry U(1)e.
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III. MASS MATRICES FOR SOME BLMSSM PARTICLES
Lepneutralinos are made up of λL (the superpartner of the new lepton boson), and ψΦL
and ψϕL (the superpartners of the SU(2)L singlets ΦL and ϕL). The mass mixing matrix
of lepneutralinos MLN is shown in the basis (iλL, ψΦL, ψϕL) [42–45]. χ
0
Li
(i = 1, 2, 3) are
mass eigenstates of lepneutralinos. The masses of the three lepneutralinos are obtained
from diagonalizing MLN by ZNL:
MLN =


2ML 2vLgL −2v¯LgL
2vLgL 0 −µL
−2v¯LgL −µL 0

 ,
iλL = Z
1i
NL
k0Li , ψΦL = Z
2i
NL
k0Li,
ψϕL = Z
3i
NL
k0Li, χ
0
Li
=

 k
0
Li
k¯0Li

 . (4)
The slepton mass squared matrix becomes
 (M
2
L˜
)LL (M2L˜)LR
(M2
L˜
)†LR (M2L˜)RR

 , (5)
which is diagonalized by the matrix ZL˜. (M2L˜)LL, (M2L˜)LR and (M2L˜)RR are:
(M2
L˜
)LL =
(g21 − g22)(v2d − v2u)
8
δIJ + g
2
L(v¯
2
L − v2L)δIJ +m2lIδIJ + (m2L˜)IJ ,
(M2
L˜
)LR =
µ∗vu√
2
(Yl)IJ − vu√
2
(A′l)IJ +
vd√
2
(Al)IJ ,
(M2
L˜
)RR =
g21(v
2
u − v2d)
4
δIJ − g2L(v¯2L − v2L)δIJ +m2lIδIJ + (m2R˜)IJ . (6)
The mass squared matrix of sneutrino Mn˜ with n˜T = (ν˜, N˜ c) reads [46]
 M
2
n˜(ν˜
∗
I ν˜J ) M2n˜(ν˜IN˜ cJ)
(M2n˜(ν˜IN˜ cJ))† M2n˜(N˜ c∗I N˜ cJ)

 . (7)
M2n˜(ν˜∗I ν˜J ),M2n˜(ν˜IN˜ cJ) and M2n˜(N˜ c∗I N˜ cJ) are:
M2n˜(ν˜∗I ν˜J ) =
g21 + g
2
2
8
(v2d − v2u)δIJ + g2L(v2L − v2L)δIJ +
v2u
2
(Y †ν Yν)IJ + (m
2
L˜
)IJ ,
M2n˜(ν˜IN˜ cJ) = µ∗
vd√
2
(Yν)IJ − vuvL(Y †ν λNc)IJ +
vu√
2
(AN )IJ(Yν)IJ ,
M2n˜(N˜ c∗I N˜ cJ) = −g2L(v2L − v2L)δIJ +
v2u
2
(Y †ν Yν)IJ + 2v
2
L(λ
†
NcλNc)IJ
+(m2
N˜c
)IJ + µL
vL√
2
(λNc)IJ − vL√
2
(ANc)IJ(λNc)IJ . (8)
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Then the masses of the sneutrinos are obtained by using the formula Z†ν˜M2n˜Zν˜ =
diag(m2ν˜1, m
2
ν˜2 , m
2
ν˜3 , m
2
ν˜4 , m
2
ν˜5 , m
2
ν˜6).
The up scalar quark mass squared matrix in the BLMSSM is given by

 (M
2
U˜
)LL (M2U˜)LR
(M2
U˜
)†LR (M2U˜)RR

 , (9)
which is diagonalized by the matrix ZU˜ . (M2U˜)LL, (M2U˜)LR and (M2U˜)RR are:
(M2
U˜
)LL = −e
2(v2d − v2u)(1− 4c2W )
24s2W c
2
W
+
v2uY
2
u
2
+ (Km2
Q˜
K†)T +
g2B
6
(v2B − v¯2B),
(M2
U˜
)RR =
e2(v2d − v2u)
6c2W
+
v2uY
2
u
2
+m2
U˜
− g
2
B
6
(v2B − v¯2B),
(M2
U˜
)LR = − 1√
2
(
vd(A
′
u + Yuµ
∗) + vuAu
)
. (10)
The down scalar quark mass squared matrix in the BLMSSM is given by

 (M
2
D˜
)LL (M2D˜)LR
(M2
D˜
)†LR (M2D˜)RR

 , (11)
which is diagonalized by the matrix ZD˜. (M2U˜)LL, (M2U˜)LR and (M2U˜)RR are:
(M2
D˜
)LL = −e
2(v2d − v2u)(1 + 2c2W )
24s2W c
2
W
+
v2dY
2
d
2
+ (m2
Q˜
)T +
g2B
6
(v2B − v¯2B),
(M2
D˜
)RR = −e
2(v2d − v2u)
12c2W
+
v2dY
2
d
2
+m2
D˜
− g
2
B
6
(v2B − v¯2B),
(M2
D˜
)LR =
1√
2
(
vu(−A′d + Ydµ∗) + vdAd
)
. (12)
In the basis (ψνI
L
, ψNcI
R
), the neutrino mass mixing matrix is diagonalized by Zν [46]:
ZTν

 0
vu√
2
(Yν)
IJ
vu√
2
(Y Tν )
IJ v¯L√
2
(λNc)
IJ

Zν
= diag(mνα), α = 1 . . . 6.
ψνI
L
= ZIαν k
0
Nα
, ψNcI
R
= Z(I+3)αν k
0
Nα
,
να =

 k
0
Nα
k¯0Nα

 . (13)
να denotes the mass eigenstates of the neutrino fields mixed by the left-handed and right-
handed neutrinos. In this paper, we deal with the neutrinos by an approximation, Zν ≈ 1,
so the theoretical values at tree level are consistent with those in the SM.
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IV. NECESSARY COUPLINGS
In the BLMSSM, due to the superfields N˜ c, we deduce the corrections to the couplings
in the MSSM. The couplings for W -l-ν and W -L˜-ν˜ read
LWlν = − e√
2sW
W+µ
3∑
I=1
6∑
α=1
ZIα∗ν ν¯
αγµPLl
I , (14)
LWL˜ν˜ = −
ie√
2sW
W−µ
3∑
I=1
6∑
i,α=1
(ZIi
L˜
ZIαν˜ )(L˜
+
i (
−→
∂µ −←−∂µ)ν˜α). (15)
From the interactions of gauge and matter multiplets ig
√
2T aij(λ
aψjA
∗
i − λ¯aψ¯iAj), the
l-χ0L-L˜ coupling is deduced here:
Llχ0
L
L˜ =
√
2gLχ¯
0
Lj
(
Z1jNLZ
Ii
L˜
PL − Z1j∗NLZ
(I+3)i
L˜
PR
)
lIL˜+i + h.c. (16)
The ν-χ0L-ν˜ coupling is
Lνχ0
L
ν˜ = [
√
2gLZ
1i
NL
ZIαν Z
Jj∗
ν˜ δ
IJ − (Z3iNL(λIJNc + λJINc) +
√
2gLZ
1i
NL
δIJ)
×Z(I+3)αν Z(J+3)j∗ν˜ ]χ¯0LiPLναν˜j∗ + h.c. (17)
We also obtain the χ±-l-ν˜ coupling and the χ±-L˜-ν coupling:
Lχ±lν˜ = −
3∑
I,J=1
6∑
α=1
χ¯−j
(
Y IJl Z
2j∗
− (Z
Iα
ν˜ )
∗PR
+[
e
sW
Z1j+ (Z
Iα
ν˜ )
∗ + Y IJν Z
2j
+ (Z
(I+3)α
ν˜ )
∗]PL
)
lJ ν˜α∗ + h.c.
Lχ±L˜ν = −
3∑
I,J=1
2∑
i=1
6∑
j,α=1
χ¯+i
(
Y IJν Z
2i∗
+ Z
Ij
L˜
Z(J+3)α∗ν PR
+[
e
sW
Z1i−Z
Ij
L˜
+ Y IJl Z
2i
−Z
(I+3)j
L˜
]ZJαν PL
)
ναL˜+j + h.c. (18)
The χ0-ν˜-ν coupling in the BLMSSM becomes
Lχ0ν˜ν = [ZIαν ZJj∗ν˜
e√
2sW cW
(Z1iN sW − Z2iN cW )
+
Y IJν√
2
Z4iN (Z
Iα
ν Z
(J+3)j∗
ν˜ + Z
(I+3)α
ν Z
Jj∗
ν˜ )]χ¯
0
iPLν
αν˜j∗ + h.c. (19)
All the other couplings used are consistent with the MSSM.
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V. FORMULAE
A. Observables
The observable RD(∗) is defined as
RD(∗) =
BD(∗)τ
BD(∗)l
=
B(B → D(∗)τ ν¯τ )
B(B → D(∗)lν¯l) . (20)
BD(∗)ℓ , the branching fraction, is given by [4]
BD(∗)ℓ =
∫
N|pD(∗)|(2aD
(∗)
ℓ +
2
3
cD
(∗)
ℓ )dq
2, (21)
where l = e or µ, and ℓ denotes any lepton (e, µ or τ). q2 is the invariant mass squared of the
lepton-neutrino system, whose integral interval is [m2ℓ , (MB−MD(∗))2]. N , the normalisation
factor, is given by
N = τBG
2
F |Vcb|2q2
256π3M2B
(1− m
2
ℓ
q2
)2. (22)
Here τB is the lifetime of the B−meson. GF =
√
2e2/8m2Ws
2
W is the Fermi coupling constant.
|pD(∗)|, the absolute value of the D(∗)−meson momentum, is given by
|pD(∗)| =
√
(M2B)
2 + (M2
D(∗)
)2 + (q2)2 − 2(M2BM2D(∗) +M2D(∗)q2 + q2M2B)
2MB
. (23)
The expressions for aDℓ and c
D
ℓ are [4]:
aDℓ = 8{
M2B|pD|2
q2
(|CℓV L|2 + |CℓV R|2)F2+ +
(M2B −M2D)2
4(mb −mc)2 (|C
ℓ
SL|2 + |CℓSR|2)F20
+mℓ[
(M2B −M2D)2
2q2(mb −mc)(R(C
ℓ
SLCℓ∗V L) +R(CℓSRCℓ∗V R))F20
+
4M2B|pD|2
q2(MB +MD)
(R(CℓTLCℓ∗V L) +R(CℓTRCℓ∗V R))F+FT ]
+m2ℓ [
(M2B −M2D)2
4q4
(|CℓV L|2 + |CℓV R|2)F20
+
4|pD|2M2B
q2(MB +MD)2
(|CℓTL|2 + |CℓTR|2)F2T ]}, (24)
cDℓ = 8{
4M2B|pD|2
(MB +MD)2
(|CℓTL|2 + |CℓTR|2)F2T
−M
2
B|pD|2
q2
(|CℓV L|2 + |CℓV R|2)F2+ +m2ℓ [
|pD|2M2B
q4
(|CℓV L|2 + |CℓV R|2)F2+
− 4|pD|
2M2B
(MB +MD)2q2
(|CℓTL|2 + |CℓTR|2)F2T ]}. (25)
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The full expressions for aD
∗
ℓ , c
D∗
ℓ and all form factors (FT (q
2), F+(q
2) and F0(q
2), etc) are
given in Refs. [4, 47].
B. Effective Lagrangian
We use effective field theory to calculate the theoretical values. The effective Lagrangian
for the b→ cℓν¯ℓ process is
Lb→cℓν¯ℓeff =
√
2GFVcb(CℓV LOℓV L + CℓV ROℓV R + CℓALOℓAL + CℓAROℓAR + CℓSLOℓSL
+CℓSROℓSR + CℓPLOℓPL + CℓPROℓPR + CℓTLOℓTL + CℓTROℓTR), (26)
where Vcb = 0.04, and the full set of operators is [48]:
OℓV L = [c¯γµb][ℓ¯γµPLνℓ ], OℓV R = [c¯γµb][ℓ¯γµPRνℓ ],
OℓAL = [c¯γµγ5b][ℓ¯γµPLνℓ ], OℓAR = [c¯γµγ5b][ℓ¯γµPRνℓ ],
OℓSL = [c¯b][ℓ¯PLνℓ ], OℓSR = [c¯b][ℓ¯PRνℓ ],
OℓPL = [c¯γ5b][ℓ¯PLνℓ ], OℓPR = [c¯γ5b][ℓ¯PRνℓ ],
OℓTL = [c¯σµνb][ℓ¯σµνPLνℓ ], OℓTR = [c¯σµνb][ℓ¯σµνPRνℓ ]. (27)
In the SM, CℓV L = −CℓAL = 1 and all the other WCs vanish. In the BLMSSM, we calculate
all the WCs at one-loop level to obtain the theoretical values.
VI. FEYNMAN DIAGRAMS
In the BLMSSM, the one-loop Feynman diagrams for the lepton sector that can correct
the anomalies are shown in FIG. 1 and FIG. 2.
A. Penguin-type Feynman diagrams
1. The WCs
The one-loop Feynman diagrams FIG. 1 (a),(b),(c) and (d) are all UV divergent. Focusing
on FIG. 1 (a), the three lepneutralinos χ0L are new particles in the BLMSSM, and they play
10
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FIG. 1: The penguin-type Feynman diagrams that can correct RD(∗) in BLMSSM
very important roles in this decay process. So taking FIG. 1 (a) as an example, the non-zero
WCs in Eq. (26) are given as follows:
CℓV L(a) = [
6∑
β,s=1
3∑
j=1
Bℓsj1 Aβℓj2 Aβs3 A4
m2W
1
64π2
(∆UV + 1
−F21(xχ0
Lj
, xL˜s, xν˜β))]/(
√
2GFVcb)
=
g2L
16π2
∆UV + finite terms,
CℓAL(a) = −CℓV L(a). (28)
Here, we use the unitary characteristics of the rotation matrices. In Eq. (28),
Bℓsj1 =
√
2gLZ
1j∗
NL
Zℓs∗
L˜
,
Aβℓj2 =
3∑
I=1
(
√
2gLZ
1j
NL
ZIℓν Z
Iβ
ν˜ − (2λIINcZ3jNL +
√
2gLZ
1j
NL
)Z(I+3)ℓν Z
(I+3)β∗
ν˜ ),
Aβs3 = −
3∑
I=1
(
e√
2sW
ZIβν˜ Z
Is
L˜
), A4 = − e√
2sW
Vcb. (29)
∆UV = 1/ǫ+ln(4πκ
2/Λ2
NP
)−γ
E
, 1
ε
is an infinite term, the mass scale κ is introduced in the
dimensional regularization, ΛNP is the NP scale, and γE is the Euler-Mascheroni constant.
xi represents
m2
i
Λ2
NP
, and the concrete form of formula F21(x1, x2, x3) is given in the Appendix.
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We can see that the infinite terms of the WCs of FIG. 1 (a) are Cℓ(IF )V L(a) = g
2
L
16π2
∆UV and
Cℓ(IF )AL(a) = −Cℓ(IF )V L(a). Similarly, the infinite terms of the WCs of the following three diagrams
(FIG. 1 (b),(c) and (d)) are given as follows:
Cℓ(IF )V L(b) =
e2
64π2s2W c
2
W
(1− 2c2W )∆UV , Cℓ(IF )AL(b) = −CℓV L(b),
Cℓ(IF )V L(c) =
e2
32π2s2W
∆UV , Cℓ(IF )AL(c) = −CℓV L(c),
Cℓ(IF )V L(d) = (
e2
32π2s2W
+
(Y ℓl )
2
32π2
)∆UV , Cℓ(IF )AL(d) = −CℓV L(d). (30)
Now we should deal with the UV divergences by renormalization procedures.
2. The counter term in the on-shell scheme
Considering the final state lepton and neutrino are both real particles, we use the on-shell
scheme to eliminate the infinite terms. To obtain finite results, the contributions from the
counter terms for the vertex lIνIW− are necessary. The counter term formula for the vertex
lIνIW− is:
δV
µ (OS)
lIνIW−
=
−ie
2
√
2sW
(δm2Z
m2Z
− δm
2
Z − δm2W
m2Z −m2W
+ 2δe+ δZ lL
I
+ δZνL
I + δZWW
)
γµPL, (31)
Following the method in Refs. [49–51], we obtain the needed renormalization constants in
the BLMSSM.
We calculate the Z boson self-energy diagram (loop particles are sneutrinos or sleptons)
and get the renormalization constant δm2Z :
δm2Z
m2Z
= [
e2
32π2s2W c
2
W
(1− 2s2W )2 +
e2
16π2c2W
]∆UV − e
2
s2W c
2
W
{1
4
6∑
j=1
F1(xν˜j , xν˜j )
+
6∑
α,β=1
|(G)αβ|2F1(xL˜α , xL˜β)
}
. (32)
Through calculating the W boson self-energy diagram (with sneutrinos and sleptons in the
loop), we can obtain:
δm2W
m2Z
=
e2c2W
32π2s2W
∆UV − e
2c2W
2s2W
6∑
i=1
6∑
α=1
|(η)iα|2F1(xν˜α , xL˜i),
δZWW = − e
2
32π2s2W
∆UV +
e2
2s2
W
6∑
i=1
6∑
α=1
|(η)iα|2F1(xν˜α , xL˜i). (33)
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The renormalization constant of charge is obtained from virtual sleptons:
δe =
e2
16π2
∆UV − 1
2
e2
6∑
i=1
F1(xL˜i , xL˜i). (34)
In the same way, we give the renormalization constants δZνL
I and δZ lL
I
for neutrinos and
leptons respectively:
δZνL
I =
−e2
32π2s2W
( 1
2c2W
+ 1 + (
sWY
I
l
e
)2 + (
√
2sW gL
e
)2
)
∆UV
− e
2
2s2W c
2
W
4∑
i=1
6∑
α=1
|(ζI)αi|2F2(xν˜α, xχ0i )−
e2
s2W
2∑
i=1
6∑
α=1
|(PI)αi|2F2(xL˜α, xχ−i )
− e
2
2s2W c
2
W
3∑
i=1
6∑
α=1
|(ζ ′I)αi|2F2(xν˜α , xχ0Li),
δZ lL
I
=
−e2
32π2s2W
( 1
2c2W
+ 1 + (
sWY
I
l
e
)2 + (
√
2sW gL
e
)2
)
∆UV
− e
2
s2W
6∑
α=1
2∑
i=1
{
|(Bi)Iα|2F2 + xeI
[
|(Bi)Iα|2
+|(Ai)Iα|2 + 2Re[(A†i)Iα(Bi)Iα]
]
F3
}
(xν˜α , xχ−
i
)
−e2
4∑
j=1
6∑
i=1
{
xeI
[ |(DI)ij|2
2s2W
+
√
2
sW
Re[(CI)†ij(DI)ij ]
+|(CI)ij |2
]
F3 +
1
2s2W
|(DI)ij |2F2
}
(xL˜i , xχ0j )
−e2
3∑
j=1
6∑
i=1
{
xeI
[ |(D′I)ij |2
2s2W
+
√
2
sW
Re[(C′I)†ij(D′I)ij ]
+|(C′I)ij|2
]
F3 +
1
2s2W
|(D′I)ij|2F2
}
(xL˜i , xχ0Lj ), (35)
where the vertex couplings are given by
(Ai)Iα = Y
I
l sW
e
Z2i∗− Z
Iα∗
ν˜ , (Bi)Iα = Z1i+ZIα∗ν˜ , (η)iα = ZJαν˜ ZJiL˜ ,
(PI)αi = −Y
J
l sW
e
ZJIν Z
(J+3)α∗
L˜
Z2i∗− − ZJIν ZJα∗L˜ Z1i∗− ,
(ζI)αi = Z
Jα∗
ν˜ Z
JI
ν (Z
1i
N sW − Z2iN cW ), (CI)ij =
−√2
cW
Z
(I+3)i
L˜
Z1j∗N +
Y Il
e
ZIi
L˜
Z3j∗N ,
(DI)ij =
ZIi
L˜
cW
(Z1jN sW+Z
2j
N cW)+
√
2sWY
I
l
e
Z
(I+3)i
L˜
Z3jN ,
(G)αβ = 1
2
ZJα
L˜
ZJβ∗
L˜
− s2W δαβ , (C′I)ij =
−√2gL
e
Z1j∗NLZ
(I+3)i
L , (D′I)ij =
2gLsW
e
Z1jNLZ
Ii
L ,
(ζ ′I)αi =
√
2sW cW
e
(
√
2gLZ
1i
NLZ
JI
ν Z
Jα∗
ν˜ − [2λJJNcZ3iNL +
√
2gLZ
1i
NL]Z
(J+3)I
ν Z
(J+3)α∗
ν˜ ). (36)
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The functions F1, F2 and F3 are as follows:
F1(x1, x2) =
1
288π2(x1 − x2)3 [6(x1 − 3x2)x
2
1 ln x1+6(3x1 − x2)x22 ln x2
−(x1 − x2)(5x21 − 22x1x2 + 5x22)],
F2(x1, x2) =
(2x2 − x1)(x2 − x1 + x1 ln x1)− x22 ln x2
32π2(x1 − x2)2 ,
F3(x1, x2) =
x21 + 2x1x2(ln x2 − ln x1)− x22
32π2(x1 − x2)3 . (37)
If x1 = x2, they simplify to
F1(x1, x2) =
ln x1
48π2
, F2(x1, x2) = − ln x1
32π2
+
1
64π2
, F3(x1, x2) =
1
96π2x1
. (38)
Now, the WCs of FIG. 1 (counter) read:
CℓV L(counter) =
1
2
(δm2Z
m2Z
− δm
2
Z − δm2W
m2Z −m2W
+ 2δe+ δZ lL
ℓ
+ δZνL
ℓ + δZWW
)
,
CℓAL(counter) = −CℓV L(counter). (39)
The corresponding Cℓ(IF )V L(counter) and Cℓ(IF )AL(counter) are:
Cℓ(IF )V L(counter) =
1
2
{[ e2
32π2s2W c
2
W
(1− 2s2W )2 +
e2
16π2c2W
]
∆UV
−
[( e2
32π2s2W c
2
W
(1− 2s2W )2 +
e2
16π2c2W
)
∆UV − e
2c2W
32π2s2W
∆UV
] m2Z
m2Z −m2W
+
e2
8π2
∆UV − e
2
32π2s2W
∆UV +
−e2
16π2s2W
[ 1
2c2W
+ 1
+(
sWY
ℓ
l
e
)2 + (
√
2sW gL
e
)2
]
∆UV
}
,
Cℓ(IF )AL(counter) = −Cℓ(IF )V L(counter). (40)
It is easy to test that the infinite terms in the sum of FIG. 1 (a),(b),(c),(d) and (counter)
vanish: Cℓ(IF )V L = Cℓ(IF )V L(a) + Cℓ(IF )V L(b) + Cℓ(IF )V L(c) + Cℓ(IF )V L(d) + Cℓ(IF )V L(counter) = 0, similarly, Cℓ(IF )AL = 0.
Therefore, the divergences are completely eliminated. Note that the infinite terms in the
sum of FIG. 1 (a),(b),(c) and (d) can be eliminated by the counter terms. However, a single
diagram in FIG. 1 (b),(c),(d), such as FIG. 1 (b), cannot be counteracted individually in
the on-shell scheme.
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bc
χi
χ0j
ν˜β
b
c
χi
χ0j
L˜tD˜s
b
c
χi
χ0j
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b
c
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U˜s
U˜s
eℓ eℓ
eℓ eℓ
ν¯ℓ ν¯ℓ
ν¯ℓ ν¯ℓ
(e) (f)
(g) (h)
FIG. 2: The box-type Feynman diagrams that can correct RD(∗) in BLMSSM
B. Box-type Feynman diagrams
Taking FIG. 2 (e) as an example, the corresponding WCs are given as follows:
CℓV L(e) =
6∑
β,s=1
2∑
i=1
4∑
j=1
[
Bβℓi1 Bis2 Asj3 Aβℓj4 mχ0jmχi
Λ4NP
1
64π2
F11(xν˜β , xχ0
j
, xU˜s, xχi)
−B
βℓi
1 Ais2 Bsj3 Aβℓj4
Λ2NP
1
128π2
F21(xν˜β , xχ0
j
, xU˜s , xχi)]/(
√
2GFVcb), (41)
CℓAL(e) =
6∑
β,s=1
2∑
i=1
4∑
j=1
[
Bβℓi1 Bis2 Asj3 Aβℓj4 mχ0jmχi
Λ4NP
1
64π2
F11(xν˜β , xχ0
j
, xU˜s, xχi)
+
Bβℓi1 Ais2 Bsj3 Aβℓj4
Λ2NP
1
128π2
F21(xν˜β , xχ0
j
, xU˜s, xχi)]/(
√
2GFVcb), (42)
CℓSL(e) =
6∑
β,s=1
2∑
i=1
4∑
j=1
[
Aβℓi1 Ais2 Asj3 Aβℓj4 mχ0jmχi
Λ4NP
1
64π2
F11(xν˜β , xχ0
j
, xU˜s, xχi)
+
Aβℓi1 Bis2 Bsj3 Aβℓj4
Λ2NP
1
64π2
F21(xν˜β , xχ0
j
, xU˜s, xχi)]/(
√
2GFVcb), (43)
CℓTL(e) = [
6∑
β,s=1
2∑
i=1
4∑
j=1
Aβℓi1 Ais2 Asj3 Aβℓj4 mχ0jmχi
Λ4NP
1
128π2
F11(xν˜β , xχ0
j
, xU˜s, xχi)]
15
/(
√
2GFVcb), (44)
CℓPL(e) =
6∑
β,s=1
2∑
i=1
4∑
j=1
[−
(Aβℓi1 Ais2 − Bβℓi1 Bis2 )Asj3 Aβℓj4 mχ0jmχi
Λ4NP
1
128π2
F11(xν˜β , xχ0
j
, xU˜s, xχi)
+
Aβℓi1 Bis2 Bsj3 Aβℓj4
Λ2NP
1
64π2
F21(xν˜β , xχ0
j
, xU˜s, xχi)]/(
√
2GFVcb), (45)
CℓPR(e) = [
6∑
β,s=1
2∑
i=1
4∑
j=1
−
(Aβℓi1 Ais2 + Bβℓi1 Bis2 )Asj3 Aβℓj4 mχ0jmχi
Λ4NP
1
128π2
F11(xν˜β , xχ0
j
, xU˜s , xχi)]
/(
√
2GFVcb), (46)
and all the other WCs in Eq. (26) vanish. In Eqs. (41-46),
Aβℓi1 = −Y ℓl Z2i−Zℓβν˜ , Ais2 =
3∑
I=1
(
−e
sW
ZIs∗
U˜
Z1i+ + Y
I
u Z
(I+3)s∗
U˜
Z2i+ )VI3,
Asj3 =
2
√
2e
3cW
Z5s
U˜
Z1jN − Y 2uZ2sU˜ Z4jN ,
Aβℓj4 =
3∑
I=1
{ZIβ∗ν˜ ZIℓν
e√
2sW cW
(Z1jN sW − Z2jN cW ) +
3∑
J=1
(
Y IJν√
2
Z4jN (Z
Iℓ
ν Z
(J+3)β∗
ν˜ + Z
(I+3)ℓ
ν Z
Jβ∗
ν˜ ))},
Bβℓi1 = −
e
sW
Z1i∗+ Z
ℓβ
ν˜ −
3∑
I=1
(Y ℓIν Z
2i∗
+ Z
(I+3)β
ν˜ ), Bis2 = −
3∑
I=1
(Y 3d Z
Is∗
U˜
Z2i∗− )VI3,
Bsj3 = −
e√
2sW cW
Z2s
U˜
(
1
3
Z1j∗N sW + Z
2j∗
N cW )− Y 2u Z5sU˜ Z4j∗N . (47)
The formulae F11(x1, x2, x3, x4) and F21(x1, x2, x3, x4) are given in the Appendix.
VII. NUMERICAL RESULTS
For the numerical discussion, the parameters used are:
m1 = 400GeV, ML = 2000GeV, µL = 1600GeV,
tanβL = 0.1, vL = 1260GeV, λNc = 1, ΛNP = 1000GeV,
(m2
Q˜
)ii = (m
2
U˜
)ii = (m
2
D˜
)ii = (m
2
N˜c
)ii = 3× 106GeV2,
(Al)ii = (A
′
l)ii = 300GeV, (AN )ii = (ANc)ii = 500GeV,
and (Au)ii = (Ad)ii = (A
′
u)ii = (A
′
d)ii = 500GeV,
where i = 1 . . . 3. If not otherwise noted, the non-diagonal elements of the parameters used
should be zero. The Yukawa couplings of neutrinos Y IJν are of the order of 10
−8 ∼ 10−6;
their effects are tiny and can be ignored.
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At present, all supersymmetric mass bounds are model-dependent. Based on the PDG[52]
data, we consider the limitations on masses of the charginos and neutralinos (the strongest
limitations are 345GeV). In our work, the masses of charginos mχ± ≃ (1000 ∼ 2000)GeV
and the masses of neutralinos mχ0 ≃ (400 ∼ 2000)GeV, all of which can satisfy the mass
bounds. The limits for the sleptons are around 290GeV ∼ 450GeV [53], which can be
satisfied easily. The masses of squarks in this paper are larger than 1000GeV, so the limits
for squarks are also satisfied. In other words, the parameters given above and the parameter
space to be discussed below can all satisfy the mass bounds.
A. Effects of parameters m2
L˜
(or m2
R˜
) on RD(∗)
We now focus on the effects of parameters m2
L˜
(or m2
R˜
) on RD(∗). First, we set the
parameters as follows:
tanβ = 10, m2 = µ = 1200GeV, gL = 0.1, and (m
2
L˜
)33 = (m
2
R˜
)33 = 3× 108GeV2.
To study the impacts of these parameters on RD(∗), we used the parameters (m
2
L˜
)11 =
(m2
R˜
)11 = (m
2
L˜
)22 = (m
2
R˜
)22 = 3 × 10ξ GeV2, where ξ is a variable. After calculation we
obtain FIG. 3. Here, we use the central value of the SM prediction in our calculation. The
left-hand diagram shows RD and the right-hand diagram shows RD∗ .
FIG. 3: With (m2
L˜
)11 = (m
2
R˜
)11 = (m
2
L˜
)22 = (m
2
R˜
)22 = 3 × 10ξ GeV2, and (m2L˜)33 = (m2R˜)33 =
3× 108GeV2, the results versus ξ are plotted.
We know the measurement of RD(∗)e (which implies l = e in Eq. (20)) is approximately
equal to that of RD(∗)µ (l = µ in Eq. (20)). This is the reason why we set (m
2
L˜
)11 = (m
2
R˜
)11 =
(m2
L˜
)22 = (m
2
R˜
)22. To solve the problem of RD(∗), we should violate lepton flavour symmetry
for generations 1(2) and generation 3. Therefore, we suppose (m2
L˜
)33 = (m
2
R˜
)33 6= (m2L˜)11.
It is easy to see from FIG. 3 that RD(∗) decreases as ξ increases. Obviously, our results
satisfy the decoupling rule. When the sleptons are very heavy, the BLMSSM results are very
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near the SM predictions. In fact, the SM predictions of RD(∗) cannot explain experimental
values well, and our goal is to increase the theoretical values. From the numerical analysis,
the following relational expression should be set up: (m2
L˜
)11 = (m
2
R˜
)11 = (m
2
L˜
)22 = (m
2
R˜
)22 <
(m2
L˜
)33 = (m
2
R˜
)33. We need to select a set of reasonable parameters, and finally choose:
(m2
L˜
)11 = (m
2
R˜
)11 = (m
2
L˜
)22 = (m
2
R˜
)22 = 5.5×105GeV2, and (m2L˜)33 = (m2R˜)33 = 3×108GeV2.
Up to now, our theoretical values of RD(∗) are only a little bigger than those of the SM, so
we also need to study the effects of other parameters on RD(∗).
B. Effect of parameter gL on RD(∗)
Based on the above analysis, we use the following parameters:
tanβ = 10, m2 = µ = 1200GeV,
(m2
L˜
)11 = (m
2
R˜
)11 = (m
2
L˜
)22 = (m
2
R˜
)22 = 5.5×105GeV2, and (m2L˜)33 = (m2R˜)33 = 3×108GeV2.
gL is the coupling constant of the vertexes lχ
0
LL˜ and νχ
0
Lν˜. As a new parameter in the
BLMSSM, gL should affect RD(∗), which is of interest. The obtained numerical results are
plotted in FIG. 4. The left-hand diagram shows RD and the right-hand diagram shows RD∗ .
FIG. 4: The diagrams of RD (left) and RD∗ (right) versus gL.
From FIG. 4, we can see that RD and RD∗ both increase gently with increasing gL. This is
easy to understand: larger gL improves the effects from NP. In order to get larger theoretical
values of RD(∗), we need to choose a larger gL. After considering the reasonableness of the
range of parameter gL, we use gL = 0.45. In this case, our numerical results are further
improved.
18
C. The effects of parameters tanβ, m2 and µ on RD(∗)
We also research the effects of parameters tanβ, m2 and µ on RD(∗). With the supposition
gL = 0.45, (m
2
L˜
)11 = (m
2
R˜
)11 = (m
2
L˜
)22 = (m
2
R˜
)22 = 5.5 × 105GeV2, (m2L˜)33 = (m2R˜)33 =
3× 108GeV2, and m2 = µ = Mξ, we scan the parameters of Mξ versus tanβ in FIG. 5.
FIG. 5: The allowed parameters in the plane of Mξ versus tanβ with gL = 0.45,
(m2
L˜
)11 = (m
2
R˜
)11 = (m
2
L˜
)22 = (m
2
R˜
)22 = 5.5× 105GeV2, (m2L˜)33 = (m2R˜)33 = 3× 108GeV2.
All the points in FIG. 5 can make RD (RD∗) reach 0.304 (0.261), and some particular
points can bring RD (RD∗) to 0.305 (0.262). The theoretical values are improved, but they
are not as big as we expected. However, our results are still better than those in the SM.
All of the above discussions only consider the central values in the SM. If we consider the
uncertainty of SM predictions RD = 0.299 ± 0.003 [5] and RD∗ = 0.257 ± 0.003 [5], our
theoretical value of RD (RD∗) can reach 0.308 (0.265), when we take the biggest value of
the SM prediction.
VIII. SUMMARY AND FUTURE PROSPECTS
The SM cannot well explain the experimental data for RD(∗) well, so we hold that SM
should be the low energy effective theory of a large model. We think the BLMSSM is more
promising for testing in the future. Compared with the MSSM, there are new particles and
new parameters in the BLMSSM, and the new contributions from these are the keys to solve
the anomalies in RD(∗). For instance, the three lepneutralinos χ
0
L are new particles in the
BLMSSM, and the Feynman diagram with χ0L can give new contributions to RD(∗).
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We find that the parameters (m2
L˜
)ii and (m
2
R˜
)ii influence the theoretical results to some
extent, and RD(∗)e is approximately equal to RD(∗)µ only if there is a certain relationship
between parameters (m2
L˜
)ii and (m
2
R˜
)ii. After that, the effect of parameter gL is important,
and we can further raise theoretical values when it takes some appropriate values. Finally,
using the central value of the SM prediction we scan the parameter space, and bring the
value of RD (RD∗) to 0.305 (0.262). Taking into account the SM uncertainty and adopting
the biggest value in the SM, our result for RD (RD∗) can reach 0.308 (0.265).
In this paper, we use effective field theory to compute RD(∗) in the BLMSSM. The one-
loop corrections to RD(∗) have an effect and the theoretical values can be increased (though
they are not big improvements). We notice that the measurements of RD∗ (see TABLE
I) are not as large as the original measurements. This suggests that RD∗ perhaps is not
so large. From the trend of experimental measurement, the experimental values of RD(∗)
might be smaller in the future. In fact, without considering this case, the measurement of
RD (RD∗) shows 2.3σ (3.1σ) deviation from its SM prediction, and our theoretical values
are still better than the predictions given by SM. On the whole, the problem of RD (RD∗)
should be further researched both experimentally and theoretically in the future.
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Appendix
The formulae for the one-loop integral are:
(2πκ)4−D
iπ2
∫
dDp
1
(p2 −m21)(p2 −m22)(p2 −m23)
= − 1
Λ2NP
F11(x1, x2, x3),
(2πκ)4−D
iπ2
∫
dDp
p2
(p2 −m21)(p2 −m22)(p2 −m23)
=
1
ε
− γE + ln(4πκ2/Λ2NP ) + 1
−F21(x1, x2, x3),
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(2πκ)4−D
iπ2
∫
dDp
1
(p2 −m21)(p2 −m22)(p2 −m23)(p2 −m24)
= − 1
Λ4NP
F11(x1, x2, x3, x4),
(2πκ)4−D
iπ2
∫
dDp
p2
(p2 −m21)(p2 −m22)(p2 −m23)(p2 −m24)
= − 1
Λ2NP
F21(x1, x2, x3, x4),
F11(x1, x2, x3) =
x1 ln x1
(x1 − x2)(x1 − x3) +
x2 lnx2
(x2 − x1)(x2 − x3) +
x3 ln x3
(x3 − x1)(x3 − x2) ,
F21(x1, x2, x3) =
x21 ln x1
(x1 − x2)(x1 − x3) +
x22 lnx2
(x2 − x1)(x2 − x3) +
x23 ln x3
(x3 − x1)(x3 − x2) ,
F11(x1, x2, x3, x4) =
x1 ln x1
(x1 − x2)(x1 − x3)(x1 − x4) +
x2 ln x2
(x2 − x1)(x2 − x3)(x2 − x4)
+
x3 ln x3
(x3 − x1)(x3 − x2)(x3 − x4) +
x4 ln x4
(x4 − x1)(x4 − x2)(x4 − x3) ,
F21(x1, x2, x3, x4) =
x21 ln x1
(x1 − x2)(x1 − x3)(x1 − x4) +
x22 ln x2
(x2 − x1)(x2 − x3)(x2 − x4)
+
x23 ln x3
(x3 − x1)(x3 − x2)(x3 − x4) +
x24 ln x4
(x4 − x1)(x4 − x2)(x4 − x3) ,
[1] MILC collaboration, J. A. Bailey et al., Phys. Rev. D92 (2015) no.3, 034506.
[2] D. Bigi and P. Gambino, Phys. Rev. D94 (2016) no.9, 094008.
[3] HPQCD collaboration, H. Na, C. M. Bouchard, G. P. Lepage, C. Monahan and J. Shigemitsu,
Phys. Rev. D92 (2015) no.5, 054510.
[4] Debjyoti Bardhan et al., JHEP 1701 (2017) 125 .
[5] F. U. Bernlochner, Z. Ligeti et al., Phys. Rev. D95 (2017) no.11, 115008.
[6] S. Fajfer, J. F. Kamenik and I. Nisandzic, Phys. Rev. D85 (2012) 094025.
[7] BaBar collaboration, J. P. Lees et al., Phys. Rev. Lett. 109 (2012) 101802.
[8] BaBar collaboration, J. P. Lees et al., Phys. Rev. D88 (2013) no.7, 072012.
[9] Belle collaboration, M. Huschle et al., Phys. Rev. D92 (2015) no.7, 072014.
[10] http://www.slac.stanford.edu/xorg/hfag/semi/fpcp17/RDRDs.html.
[11] LHCb collaboration, R. Aaij et al., Phys. Rev. Lett. 115 (2015) no.11, 111803.
[12] Belle collaboration, A. Abdesselam et al., Phys. Rev. D94 (2016) no.7, 072007.
[13] Belle collaboration, S. Hirose et al., Phys. Rev. Lett. 118 (2017) no.21, 211801.
[14] LHCb collaboration, R. Aaij et al., Phys. Rev. Lett. 120 (2018) no.17, 171802.
[15] R. Alonso, B. Grinstein and J. Martin Camalich, Phys. Rev. Lett. 118 (2017) no.8, 081802.
21
[16] U. Nierste, S. Trine and S. Westhoff, Phys. Rev. D78 (2008) 015006.
[17] A. Datta, M. Duraisamy and D. Ghosh, Phys. Rev. D86 (2012) 034027.
[18] Y. Sakaki and H. Tanaka, Phys. Rev. D87 (2013) 054002.
[19] A. Crivellin, C. Greub and A. Kokulu, Phys. Rev. D86 (2012) 054014.
[20] D. Choudhury, D. K. Ghosh and A. Kundu, Phys. Rev. D86 (2012) 114037.
[21] A. Celis, M. Jung, X. Q. Li and A. Pich, JHEP 01 (2013) 054.
[22] I. Dorsner, S. Fajfer, N. Kosnik and I. Nisandzic, JHEP 11 (2013) 084.
[23] M. Duraisamy and A. Datta, JHEP 09 (2013) 059.
[24] P. Biancofiore, P. Colangelo and F. De Fazio, Phys. Rev. D87 (2013) 074010.
[25] M. Duraisamy, P. Sharma and A. Datta, Phys. Rev. D90 (2014) 074013.
[26] M. Freytsis, Z. Ligeti and J. T. Ruderman, Phys. Rev. D92 (2015) 054018.
[27] A. Greljo, G. Isidori and D. Marzocca, JHEP 07 (2015) 142.
[28] Y. Sakaki, M. Tanaka, A. Tayduganov and R. Watanabe, Phys. Rev. D91 (2015) no.11, 114028.
[29] M. Tanaka and R. Watanabe, Phys. Rev. D87 (2013) no.3, 034028.
[30] W. S. Hou, Phys. Rev. D48 (1993) 2342-2344.
[31] M. Tanaka, Z.Phys. C67 (1995) 321-326.
[32] K. Kiers and A. Soni, Phys. Rev. D56 (1997) 5786-5793.
[33] P. Ko, Y. Omura and C. Yu, JHEP 1303 (2013) 151.
[34] R. Alonso, B. Grinstein and J. Martin Camalich, JHEP 1510 (2015) 184.
[35] R. Barbieri, G. Isidori, A. Pattori and F. Senia, Eur. Phys. J. C76 (2016) no.2, 67.
[36] P. F. Perez and M. B. Wise, JHEP 1108 (2011) 068.
[37] P. F. Perez and M. B. Wise, Phys. Rev. D82 (2010) 011901.
[38] Ryoutaro Watanabe, Phys. Lett. B776 (2018) 5-9.
[39] S. Dimopoulos, L. J. Hall, Phys. Lett. B207 (1988) 210-216.
[40] R. Barbieri, A. Masiero, Nucl. Phys. B267 (1986) 679-689 .
[41] T. F. Feng, S. M. Zhao, H. B. Zhang, et al, Nucl. Phys. B871 (2013) 223-244.
[42] S. M. Zhao, T. F. Feng, B. Yan, et al., JHEP 10 (2013) 020.
[43] S. M. Zhao, T. F. Feng, X. J. Zhan, et al., JHEP 07 (2015) 124.
[44] S. M. Zhao, T. F. Feng, H. B. Zhang, et al., Phys. Rev. D92 (2015) no.11, 115016.
[45] F. Sun, T.F. Feng, S.M. Zhao, et al., Nucl. Phys. B888 (2014) 30-51.
[46] X. X. Dong, S. M. Zhao, H. B. Zhang, et al.,Chin. Phys. C40 (2016) no.9, 093103.
22
[47] Y. Sakaki, M. Tanaka, A. Tayduganov and R. Watanabe, Phys. Rev. D88 (2013) no.9, 094012.
[48] A. Datta, M. Duraisamy and D. Ghosh, Phys. Rev. D86 (2012) 034027.
[49] Bohm M, Spiesberger H, Hollik W. Fortsch. Phys. 1986, 34: 687; Aoki K I, Hioki Z, Kawabe
R, et al. Prog. Theor. Phys., 1980, 64: 707; 1981, 65: 1001; Prog. Theor. Phys. Suppl., 1982,
73: 1
[50] Hollik W, Krans E, Roth M, et al. Nucl. Phys. B, 2004, 639: 3; Denner A. Fortschr. Phys.,
1993, 41: 307.
[51] S. M. Zhao, T. F. Feng, H. B. Zhang, et al., Chin. Phys. C37 (2013) no.5, 053101.
[52] C. Patrignani et al.(Particle Data Group), Chin. Phys. C10 (2016) 100001.
[53] CMS Collaboration, Albert M Sirunyan et al., Submitted to: Phys.Lett, arXiv:1806.05264.
23
